Light-emitting diodes (LEDs) have attracted attention since the late 1980s with their many attractive feathers including small mass and volume, solid-state construction, specific narrowbandwidth wavelength emissions and longevity, making them a promising light source for intensive plant culture systems. Furthermore, the wavelength specificity and narrow bandwidth of LEDs have recently been exploited in many areas of photobiological research (Bula et al., 1991; Barta et al., 1992; Brown et al., 1995) . LEDs have been used for studies on photosynthesis in kudzu (Tennessen et al., 1994) , chlorophyll biosynthesis in wheat (Tripathy and Brown, 1995) , and photomorphogenesis and photosynthesis of wheat (Goins et al., 1997) . Some plant species, such as lettuce (Bula et al., 1991; Hoenecke et al., 1992) , pepper and cucumber (Schuerger and Brown, 1994; Brown et al., 1995) have been successfully cultured under LEDs. The effects of LEDs on plantlets cultured in vitro were reported in potato (Miyashita et al., 1995) , Cymbidium (Tanaka et al., 1998 ), Rehmannia glutinose (Hahn et al., 2000 and strawberry (Nhut et al., 2003) . However, there is very little information on the effects of LEDs on cultured plant cells and tissues.
Cymbidium, one of the most commercially important orchids in the world, is used for cut flowers and potted plants. There are many reports on micropropagation of Cymbidium using shoot-tips or protocorm-like bodies (PLBs) as explants (Morel, 1960 (Morel, , 1964 Wimber 1963; Sagawa et al., 1966; Ueda and Torikata, 1968; Wang, 1988) . However, there are very few reports on callus cultures in Cymbidium (Steward and Mapes, 1971; Begum et al., 1994; Chang and Chang, 1998) . We have successfully induced subculturable callus from PLB segments of Cymbidium orchid hybrid for the first time (unpublished work). In the research presented here, the effects of red and blue LEDs on callus induction from PLB segments, callus proliferation, and PLB formation from callus in Cymbidium were examined. Effects of red and blue LEDs on callus induction from PLB segments. To examine the effects of red and blue LEDs on callus induction from PLB segments, 10 longitudinally bisected PLB explants were cultured in 100-ml Erlenmeyer flasks containing 40 ml of basal medium supplemented with 0.1 mg 1-1 NAA and 0.01 mg 1-1 N-phenyl-N'-1,2,3-thiadiazol-5-yl urea (TDZ) under different LED light conditions (100% red LEDs, 75% red LEDs+25% blue LEDs, 50% red LEDs+50% blue LEDs, 25% red LEDs+75% blue LEDs, and 100% blue LEDs) as well as plant growth fluorescent (PGF) light. A total of 40 explants were used for each treatment, and the experiment was repeated four times. After about one month of culture, the percentages of explants forming big callus (++, about 4-5 mm in size), small callus (+, less than 4 mm in size), callus with PLBs (small callus and PLBs formed from the same explant), PLBs, and dead explants were recorded.
MATERIALS
Effects of red and blue LEDs on callus proliferation. Calli induced from PLB segments on basal medium supplemented with 0.1 mg 1-1 NAA and 0.01 mg 1-1 TDZ, under PGF light were subcultured five times on the same medium for use in this experiment. Five callus pieces (about 40 mg) were transferred to 100-ml Erlenmeyer flasks containing 40 ml of the same medium and subjected to the light conditions described above. Thirty explants were used for each treatment, and the experiment was repeated three times. Callus growth after 4 weeks of culture was evaluated using the final fresh weight divided by the initial fresh weight.
Effects of red and blue LEDs on PLB formation from callus. Five callus pieces (about 40 mg) from five-time subcultured calli were cultured in 100-ml Erlenmeyer flasks containing 40 ml of basal medium without plant growth regulator under each of the light conditions described above. Thirty explants were used for each treatment, and the experiment was repeated three times. After about two months of culture, the number of PLBs per explant, and fresh and dry weights of PLB clusters regenerated from each callus were recorded.
Data analysis. The data were subjected to analysis of variance and significantly different means were identified using Duncan's multiple range test. RESULTS 
AND DISCUSSION
Effects of red and blue LEDs on callus induction from PLB segments Longitudinally bisected segments of PLBs were cultured on callus induction medium under different light conditions. Explants formed big callus (+ +), small callus (+), callus along with PLBs, PLBs or died at different frequencies within about one month (Table 1) . The highest callus induction from PLB segments was observed under 100% red LEDs (Fig. 1) , followed by PGF light, 75% red LEDs+25% blue LEDs and 50% red LEDs+50% blue LEDs. Callus formation tends to decrease as the percentage of red LEDs decreases along with an increase in the percentage of blue LEDs. The opposite effect was observed in PLB formation from cultured PLB segments, and PLB segments formed PLBs lowest under 100% red LEDs. Mortality of explants in culture was not significantly different among the treatments.
In Phalaenopsis, we also observed red LEDs were suitable for callus formation from PLB segments (Tanaka et al., 2001 ). Kadkade and Jopson (1978) reported that a narrow bandwidth fluorescent red light (660 nm) promoted callus production from embryo tissue in Douglas fir (Pseudotsuga menziesii). Vol. 42, No. 1 (2004) (59) 59
Effects of red and blue LEDs on callus proliferation Callus pieces excised from calli subcultured five times were transferred to the same medium under different light treatments. In general, callus proliferated well in all treatments with approximately six-to ten-fold fresh weight increases (Table 2) . Callus growth was best under 75% red LEDs+25% blue LEDs (Fig. 2B) and PGF light; the growth under the former 60 (60) treatment was slightly, but not significantly, better than under the latter. Use of 100% red LEDs stimulated callus growth, but small parts of some explants turned brown ( Fig. 2A) . The small amount of blue light in 75% red LEDs+25% blue LEDs might mitigate the adverse impacts of red LEDs and thus improved conditions for callus growth. When red LEDs were decreased from 75% to 0% and blue LEDs increased from 25% to 100%, the growth of callus decreased.
There have been some reports about the effects of different light conditions on the growth of callus cultures, but with conflicting results. Both red and white fluorescent light favored the growth of olive callus while green light and dark supported a weaker growth (Lavee and Messer, 1969) . Kadkade and Jopson (1978) found that narrow band fluorescent light wavelengths at 550 and 660 nm enhanced Douglas fir callus growth compared to darkness, while near-UV (371 nm) inhibited callus growth. On the contrary, Weis and Jaffe (1969) reported the enhancement of tobacco callus growth under continuous blue light. Studying the effects of different light sources provided by narrow-bandwidth-emitting fluorescent lamps on tobacco callus, Seibert et al. (1975) found that near-UV light (371 nm) and blue light region stimulated tobacco callus growth, while red light did not appear to affect callus growth. In this study, red LEDs were found to stimulate Cymbidium orchid callus growth ; however, the addition of a small amount of blue LED light to red LEDs produced the best results. Effects of red and blue LEDs on PLB formation from callus Callus pieces continued to proliferate after transfer to the plant growth regulator-free basal medium, turned green, and began to form PLBs about 15 days later in most light treatments (Table 3) . Under 100% red LEDs, calli continued to proliferate and then turned brown or died without forming any PLBs (Fig. 3A) . This suggested that red LEDs inhibit the formation of PLBs from Cymbidium orchid callus. In contrast, blue LEDs might play an important role in stimulating PLB formation from callus as PLBs formed very well in blue LED treatments. However, the addition of a small amount of red LED light to blue LEDs (25% red LEDs+75% blue LEDs treatment) improved PLB formation from callus, producing the highest number of PLBs per explant and the highest fresh and dry weights of the PLB cluster (Table 3 ; Fig. 3B ). The proposed explanation is that PLB formation from callus involves a short period of callus proliferation followed by PLB formation from callus ; the small amount of red LED light in this light treatment might partially promote callus proliferation. As the ratio of red to blue LEDs was reduced, PLB formation from callus was improved. PLB formation from callus under PGF light was also good. In general, PLBs formed in different treatments were not markedly different and converted into normal plantlets when transferred to fresh basal medium under PGF light. Vol. 42, No. 1 (2004) (61) 61
Until now, there have been only few studies on the role of light in the development of cultured plant cells and tissues.
In Phalaenopsis, blue LEDs proved to be effective for PLB formation from cultured PLB segments (Tanaka et al., 2001) . Weis and Jaffe (1969) found that continuous fluorescent blue light as well as white light enhanced organogenesis of tobacco callus, while red light and far-red light had almost no effect. Similarly, shoot formation from tobacco callus were reportedly stimulated in the fluorescent blue light region, while the red and far-red light regions did not stimulate shoot initiation (Fridborg and Eriksson, 1975 ; Seibert et al., 1975) . According to Kaldenhoff et al. (1994) , plantlet regeneration in cell-suspension cultures of Arabidopsis thaliana was promoted by irradiation with blue light (400-500 nm)
while red light (600-700 nm) was ineffective.
In Cymbidium orchid, we found that compared to blue LEDs, blue LEDs with a small amount of red LED light in 25% red LEDs+75% blue LEDs was the most suitable for PLB regeneration from callus.
Some authors have suggested that photoreceptors have evolved in response to the effects of different light conditions on the growth and development of plant tissue (Bonnett, 1972 ; Seibert et al., 1975 ; Kaldenhoff et al., 1994; Burritt and Leung, 2003 In callus cultures, phytochrome appears to play a more dominant role in the interaction between phytochrome and blue absorbing photoreceptor.
In the PLB formation from callus, it appears that blue absorbing photoreceptor has a positive and phytochrome has a negative effect. However, further experiments are necessary to clarify these mechanisms. 
